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a b s t r a c t 
PbZr 1-x Ti x O 3 perovskite materials, known as PZT, are highly applicable, mainly due to their extraordinary 
piezoelectric properties. Recently, a technology of PZT crystals growth has been elaborated and opened
new investigation possibilities for these compounds. In this paper, we demonstrate a highly piezoelectric
response in PbZr 0.87 Ti 0.13 O 3 single crystal. Under the action of an electric field, the piezoelectric coefficient 
d 33 turns out to be over 2500 pm V 
-1 . The optical studies performed have proved a significant influence 
of the domain dynamics on such high-efficiency piezoelectric response. Monoclinic M and rhombohedral
R phases have been observed in the lead zirconate-titanate crystals with a low Ti content. This coex- 
istence of phases with different symmetries and dense domain walls are the primary sources of high
piezoelectric response. We have observed that strong electric fields may act on randomly oriented po- 
larization vectors so that the total piezoelectric activity disappears, and the unusual isotropization point
near 250 °C appears. 
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.









































Piezoelectric materials, classified as smart materials, are widely 
sed in electronics [ 1 , 2 ], medical imaging, biomaterials medicine 
3] , sports [4] , piezoelectric clothing [5] , as well as in automo-
ive industry [6] or in research devices e.g. high precision posi- 
ioning systems [ 1 , 7 ]. Moreover, alternative energy sources are cur- 
ently developed and, due to the fact that piezoelectric elements
onvert mechanical energy (pressure or vibration) into electricity,
uch research has been focused on how to use them as piezo- 
lectric energy harvesting systems [ 8 , 9 ]. Despite numerous appli- 
ations, systems with the highest piezoelectric coefficients are still 
ought for. Currently, the most effective and commonly used ma- 
erials are those with a perovskite structure. To determine the ori- 
in of high-efficiency piezoelectric properties, numerous research 
rojects have already been conducted. The proposed polarization 
otation model [10-13] describes how the spontaneous polariza- 
ion vector rotates and in consequence produces high piezoelec- 
ricity. Such an explanation has been used in single-crystal mate- ∗ Corresponding author.






359-6454/© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc
 http://creativecommons.org/licenses/by-nc-nd/4.0/ )ials, such as PbZr 1-x Ti x O 3 (abbreviated as PZT), Pb(Zn 1/3 Nb 2/3 )O 3 –
bTiO 3 (PZN–PT), and Pb(Mg 1/3 Nb 2/3 )O 3 –PbTiO 3 (PMN–PT), which 
evealed much stronger piezoelectric properties than analogous ce- 
amics. It is believed that the appearance of monoclinic deforma- 
ion of the perovskite unit cell is necessary for the high level of 
iezoelectric response induced by the rotation of polarization un- 
er electric field [ 11 , 14 , 15 ]. Due to the difficulties concerning the
rowth of the PZT crystals, the experimental verification of the 
heoretical rotation of polarization in such system is still needed. 
specially because, according to the diagram by Zhang [16] , the 
tructures of PZT solid solutions are complex, and local monoclinic 
hases exist for all Ti content levels in the range of 0.08 < x < 0.5. 
Piezoelectric PZT solid solutions belong to the most known 
nes. They are oxidic perovskites for which the phase diagram (for 
eramics) was first established by Jaffe [17] . At room temperature, 
ZT becomes piezoelectric above the Ti concentration of x = 0.08 
 16 , 17 ], and at about x = 0.48 (from the region of the so-called
orphotropic phase boundary, MPB), the strongest piezoelectric 
roperties occur [18] . These PZT materials are used mainly in the 
orm of ceramics, thin films, or multilayers, because of difficulties 
o grow single crystals. A few years ago, PZT crystals with Ti con- 
ent x > 0.1 were grown [19] . Before, Whatmore et al. [20] were able
o grow PZT crystals with Ti content below 0.1 only, and the most . This is an open access article under the CC BY-NC-ND license





















































































































mportant result of that work was to show the differences between 
hase diagrams for ceramics and crystals of PZT. Although many 
eports on the physical properties of single PZT crystals have been 
ublished [21-29] , it still remains a challenge to grow them over 
he entire range of Ti content. 
We have successfully obtained a compositionally homogenous 
bZr 0.87 Ti 0.13 O 3 (PZT 87/13) single crystal by using the TSSG tech- 
ique. Structural studies proved that at room temperature, the best 
rystal structure fit was for monoclinic Cm symmetry [26] . The 
m space group contains two possible monoclinic phases: M A and 
 B [12] . The size of the obtained crystals allowed for piezoelec- 
ric measurements by means of resonance and quasi-static meth- 
ds. One of the most interesting results of this work is the high 
alue of the piezoelectric coefficient (d 33 is over 2500 pm V 
-1 ) in 
he new, recently discovered, phase. This additional phase transi- 
ion is described in ref. [ 26 , 30 , 31 ]. Here, we report on the high
iezoelectric response observed for the PZT 87/13 crystal under a 
trong external electric field, through a quasi-static method. To ex- 
lain this intricate phenomenon, optical studies of the optical di- 
ection orientations under the influence of strong d.c. electric field 
ere carried out. 
. Experimental 
PbZr 0.87 Ti 0.13 O 3 single crystal with homogeneous composition 
as grown by top-seeded solution growth (TSSG) technique. The 
igh quality of the crystal was manifested by its density of 7990 kg 
 
-3 , very close to the theoretical value [32] . Powder diffraction 
easurements, conducted on the crushed single crystals at room 
emperature, revealed the best structure fit for the monoclinic 
hase, Cm [26] . 
.1. Piezoelectric measurement by resonance technique 
In resonance technique, the (001) c -oriented single crystal bar 
as cut to required sample geometrical conditions, i.e., the shape 
f a cuboid [33] (throughout this article, the pseudo-cubic per- 
vskite unit cell is used, and it has been designated as subscript 
 c ’). The bases of crystal in cuboid shape, having the dimensions 
f 2.0 x 0.5 x 0.4 mm 3 were electroded with silver paste. Prior 
o experiments, the crystal was polarised in d.c. external electric 
eld of the strength of 7 kV cm -1 applied at 120 °C, and cooled in
his field to 25 °C, at which the field was switched off. For cho- 
en temperatures, the complex admittance Y = | Y | e i θ in the func-
ion of frequency f was measured by Agilent 4192A Impedance An- 
lyzer. The measurements of piezoelectric resonances were carried 
ut with the use of a sinusoidal a.c. electric field of a small inten-
ity, amounting to 0.005 kV cm -1 , applied to a previously polarised 
ingle crystal. The application of forced harmonic oscillator model 
o describe admittance changes near the piezoelectric resonance 
34] allowed us to determine the parameters needed to calculate 
he value of the piezoelectric module d 33 . 
.2. Piezoelectric measurement by quasi-static technique 
In the quasi-static technique based on inverse piezoelectric ef- 
ect, the (001) c -oriented single crystal in the shape of a plate with 
 thickness of 0.3 mm was electroded with silver paste. An alter- 
ating electric field applied to the piezoelectric sample caused de- 
ormations recorded by a capacitive sensor. The electric field fre- 
uency and strength amounted to 70 Hz and 7 kV cm -1 , respec- 
ively. One end of the quartz rod was placed on the sample surface, 
nd the other end was connected to the sensor-capacitor plate. The 
iezoelectric deformation was detected through the measurement 
f the electric current flowing in the circuit and caused by changes 
n the sensor capacity [35] . The electric current changes occurring 2 ith temperature changes were measured with the use of SR830 
ock-in amplifier. The recorded deformation of the sample along 
he electric field direction corresponded to the effective piezoelec- 
ric coefficient d 33 . The software for this method of measurement 
ade a continuous measurements of d 33 possible. In this mea- 
urement, the crystal was not previously polarised, and the reg- 
stered signals came from a region of tens of μm 2 , located under 
he quartz rod. 
.3. Birefringence measurement 
A multi-domain PZT 87/13 single crystal having the thickness 
f 300 μm was used in birefringence studies and examination 
f domain populations. The measurements were performed by 
eans of Oxford Cryosystems Metripol Birefringence Imaging Sys- 
em (Metripol). This system consists of a polarizing microscope 
quipped with a polarizer capable of rotating to fixed angles α
rom a reference position, a circularly polarizing analyser and a 
CD camera. The sample was held by Linkam THMS600E tempera- 
ure microscope stage, which maintains a constant temperature to 
ithin 0.1 K. 
The principle of the measuring technique is that the light 
rst passes through the polarizer. Next, the polarised wave passes 
hrough a t-thick anisotropic crystal. Birefringence is the result of 
nisotropy within the sample, leading to a variation of the refrac- 
ive index n. This variation is represented by an indicatrix with 
hree principal refractive indices: n 1 , n 2 , n 3 , e.g., ref. [36] . For any
iven incident light direction, the perpendicular cross-section of 
he indicatrix will generally have the form of an ellipse. The differ- 
nce in the lengths of the axes of the ellipse is equal to n = n 1 -
 2 . Together with the inclination ϕ of the indicatrix, it describes 
he optical retardation  within the sample that appears for the 
articular direction of light [37] . The light intensity I, registered by 
 CCD camera, can be expressed as: I = 0.5 I 0 [1 + sin(2 ϕ−2 α)
in δ]. Here, I 0 is the intensity of unpolarised light passing through 
he sample, α is the angular position of the analyzer as it rotates, 
nd ϕ is the angle of principal axis of the indicatrix (optical ori- 
ntation) with respect to a predetermined position. In our case, ϕ
s defined as the angle measured anticlockwise from the horizon- 
al direction of the microscope stage to the slow (longer) axis of 
he indicatrix. The difference in refractive index implies that the 
wo orthogonally polarised components have a phase difference 
f: δ = (2 π / λ) n t = (2 π / λ)  (where the sample thickness is
 = 300 μm, the used wavelength of the light is λ = 570 nm). 
n passing through the birefringent crystal, a beam of linearly po- 
arised light will become elliptically polarised with a phase differ- 
nce δ and a difference in amplitude depending on the angle ϕ. 
n practice, at selected temperatures, we obtain a color map of the 
sin δ| and ϕ. 
Here is how to find the value of n. The measured changes 
f |sin δ| with temperature allow to determine the variation of 
, at which the maxima of the periodic output signal |sin δ| 
ccur, provided that = [(2 N + 1) λ]/4, where N is an inte- 
er. Hence, the birefringence was calculated using the formula: 
n = [(2 N + 1) λ]/4t [37] . 
Linkam THMS600E temperature stage also enables heating or 
ooling of the sample under the electric field. The first thermal cy- 
le has been performed with the electric field of the strength of 
 kV cm -1 , followed by a second cycle for the previously polarised 
rystal. The direction of the applied electric field was along the 
hickness of the sample, i.e., it was parallel to the incident light 
irection. The direction of poling in the d.c. external electric field 
as also parallel to incident light. Such a direction of the elec- 
ric field in relation to the incident light beam was achieved with 
 capacitor with transparent electrodes. The birefringence mea- 
urements for PZT 87/13 crystal were carried out from 160 °C to 

























































































































00 °C. Experiments were conducted with the temperature rate of 
 K min -1 . 
.4. Dielectric measurement 
For dielectric measurements, the same sample as that utilized 
n optical studies was used. Silver paste electrodes were deposited 
n a single PbZr 0.87 Ti 0.13 O 3 crystal. The capacity C was measured at 
he frequency of f = 1 MHz using Agilent 4192A Impedance Anal- 
ser, on heating, at the rate of 1 K min -1 , in the temperature range
f 40 ̶ 390 °C. The real ε part of the permittivity was calculated 
sing the following formula: ε = C /C 0 with C 0 = ε0 S/t , where S
s the electrode surface, t - sample thickness, and ε0 is the permit- 
ivity of free space. 
. Results and discussion 
.1. Piezoelectric and dielectric properties 
Piezoelectricity is an anisotropic property, and it is important to 
now the symmetry of the studied material. It is not easy in the 
ase of the crystal under consideration. From a recent phase dia- 
ram for PZT with Ti content close to x = 0.1 [16] , a mixture of
he rhombohedral R and monoclinic M B phases was established. 
owever, the analysis of the X-ray diffraction could not distin- 
uish between the monoclinic phases M A and M B . According to 
he eighth-order Devonshire theory by Vanderbuilt and Cohen [12] , 
hree possible monoclinic phases: M A, M B , and M C exist in PZT, 
lthough with different probabilities. While M A is the most prob- 
ble to appear in perovskite ferroelectrics, M C and especially M B 
ay be harder to find in real materials. M A and M B belong to the
ame space group, Cm , and M C to the Pm space group. In the con-
ext of the current paper, M A and M B phases are treated equally. 
n the beginning, only M A and M B phases were observed exper- 
mentally in the PZT ceramics [16] . More recent studies proved 
hat the monoclinic phase M C coexists with M A , and for compo- 
itions with Ti content below 50%, the M A phase dominates ( Fig. 3 
n ref. [38] ). Because the coexistence of M A, M B , and M C phases
akes the polarization vector rotation possible, this leads to the 
nhancement of piezoelectric properties. The polarization rotation 
n M A and M B was registered at the unit level in Zr-rich PZT 75/25
39] . The electromechanical properties of a single crystal consti- 
ute a multi-faceted issue, because the symmetry of the PZT de- 
ends on the length scale considered [40] . Therefore, in this paper, 
he piezoelectric properties have been investigated on crystals us- 
ng two different methods. While the resonance method registers 
he macroscopic response of a polarised crystal, the quasi-static 
ethod gives a piezoelectric response from the area of dozens of 
quare-microns and at much higher electric field action. 
It was found that the (001) c -oriented single crystals of oxide 
erroelectrics exhibit a high k 33 electromechanical coupling coeffi- 
ient, and piezoelectric coefficient d 33 , due to domain-engineered 
ffects [ 41 , 42 ]. In these domain-engineered oxide ferroelectrics, the 
irection of polarization differs from that of the dipoles in indi- 
idual unit cell and a multi-domain structure is created, i.e., the 
olarization vector is not parallel to Z-direction. Gorfman et al. 
43] showed that in multi-domain PZT 65/35 crystal, domain wall 
otions have a slightly higher contribution to the total piezoelec- 
ricity than the part deriving from changes in lattice parameters. 
he crystal configuration selected for the research corresponds to 
he expected optimal piezoelectric response. 
In the quasi-static method, strain η3 was measured in the direc- 
ion of the applied a.c. electric field E 3 and the equation for inverse 
iezoelectric effect, η3 = d 33 E 3 , was applied ( Fig. 1 a). To measure
 33 by resonance method, the crystal must have a size configura- 
ion as provided in Fig. 1 b. In resonance technique, when an a.c. 3 lectric field of a small amplitude is applied to a polarised sin- 
le crystal, large amplitude oscillations occur near resonance fre- 
uencies. A disadvantage of this technique is that a relatively large 
ample is required, but the obtained single PbZr 0.87 Ti 0.13 O 3 crystal 
as large enough to suit such requirements. The dielectric charac- 
eristics ( Fig. 1 c) distinguishes at least the main temperature point 
t 275 °C. Fig. 1 d represents the linear dependence η3 (E 3 ), from 
hich coefficient d 33 has been calculated. The d 33 values obtained 
y those two different methods are close to each other only in 
he temperature range below 195 °C (inset in Fig. 1 e). When the 
rystal was heated above 195 °C, the piezoelectric response of the 
rystal in a strong (red dots in Fig. 1 e) and a weak (blue dots in
ig. 1 e) electric field differ substantially. It should be remembered 
hat the resonance method registers the macroscopic response of 
 polarised crystal (blue dots in Fig. 1 e) in which polarization 
s oriented on the average in the Z–axis direction. Low electric 
eld strength is applied to induce piezoelectric resonances. Such a 
mall field certainly does not cause any domain wall movements 
r domain reorientations. In opposite to the resonance method, 
he quasi-static technique gives a piezoelectric response from an 
rea of dozens of square-microns and for a much higher field. This 
trong measuring electric field affects the domain structure of the 
rystal and directions of polarization vector. Hence, we can assume 
hat the drastic increase of the d 33 value above 195 °C has to be re-
ated to the rotation of the polarization vector in this external elec- 
ric field. This rotation is easily realized in unit cells of the mon- 
clinic symmetries. Between M A and M B , the polarization vector 
otates in one plane. Moreover, the appearance of the M C phase al- 
ows the polarization vector to turn in different planes [25] . How- 
ver, we cannot exclude an additional contribution to the piezo- 
lectric response made by domain wall movements under the elec- 
ric field. Such share of the domain wall reorientations is reported 
n [43] . Interestingly, the d 33 can immediately reach the immense 
alue of 2500 pm V -1 , which subsequently irregularly diminishes 
o 0 when approaching 250 °C. It is worth noting that an addi- 
ional anomaly, a hump on the ε(T) run, was observed around this 
emperature ( Fig. 1 c). Finally, the crystal becomes piezoelectrically 
nactive at around 280 °C, i.e., at a temperature slightly higher than 
hat related to a maximum of ε(T). It is comprehensible if only the 
nfluence of an external electric field is taken into account. These 
emarkable piezoelectric results have been obtained in the range of 
emperatures which corresponds to a new phase, recently discov- 
red in Zr-rich solid PZT solutions [ 26 , 30 , 31 ]. It results from the
bove that we can suspect the polarization vector rotation (and 
lso domain structure dynamics) to be the leading cause of that 
nusual behavior of piezoelectric properties. To verify this assump- 
ion, optical studies of the virgin crystal, crystal poled in d.c. elec- 
ric field, and crystal under the continuous action of d.c. electric 
eld have been performed. 
.2. Optical observations of domain structures in virgin crystal 
In such optical studies, most often the angle between polariza- 
ion directions in the adjacent domains is considered. For example, 
here are 90 ° or 180 ° domains in the tetragonal T phase and 71 ° or 
09 ° domains in the rhombohedral R phase [44] . In the first case, 
he extinction directions of domains are compatible with the ori- 
ntations of the optical indicatrix (i. e., ϕ = 0 ° or 90 °), and in the
econd one they are not [ Fig. 2 b in ref. [25] . Below, we present the
esults of investigations of temperature changes of the optical indi- 
atrix orientations (responsible for extinction directions) character- 
zing the structure coexistence. As described above, the measure of 
his orientation is the ϕ angle. In our case, ϕ (optical orientation) 
s defined as the angle measured anticlockwise from the horizontal 
irection of the microscope stage to the slow (longer) axis of the 
ndicatrix. 
I. Lazar, A. Majchrowski, D. Kajewski et al. Acta Materialia 216 (2021) 117129 
Fig. 1. Geometric configurations of crystals for measurements of piezoelectric coefficient d 33 by a) quasi-static and b) resonance techniques. c) Temperature dependence of 
permittivity ε1MHz in logarithmic scale measured for a PZT 87/13 crystal on heating. Note that there is no anomaly at a temperature at which d 33 dramatically increases in the 
quasi-static method. The black arrow shows a small hump connected with reorganization in domain structures (see further in the text). d) Room temperature piezoelectric 
response of a single PbZr 0.87 Ti 0.13 O 3 crystal determined by quasi-static method. The value of d 33 was determined from the slope of the straight line and amounted to 74.1 pm 
V -1 . For crystal thickness of t = 300 μm and for electric field of E 3 = 4 kV cm -1 , the strain η3 along Z-direction was equal to η3 = d 33 E 3 = 3 10 –5 , and thus the maximum 
of the amplitude of crystal deformation in this experiment was determined as t = η3 t = 9 nm. e) Piezoelectric coefficient d 33 as a function of temperature, for a PZT 87/13 























































It has already been shown that PZT single crystals have com- 
lex domain structures over a wide temperature range and var- 
ous compositions, even far away from the MPB [ 25 , 27 ]. Optical
tudies, as that for perovskite crystal Na 0.5 Bi 0.5 TiO 3 [45] , showed a 
road angular distribution of optical orientations, without clearly 
isible crystallographically oriented domain walls, which charac- 
erizes the coexistence of phases of different symmetries. It has 
lready been accepted that the symmetry of the PZT depends on 
he length scale considered [40] . On the local length scale, the 
onoclinic symmetry in the PZT applies to almost all composi- 
ions. Still, on a larger scale, this symmetry appears only in the 
ompounds close to the MPB. That is why optical studies of a 
ingle PbZr 0.87 Ti 0.13 O 3 crystal have been carried out in the tem- 
erature range where the most interesting piezoelectric behavior 
as been observed. At chosen temperatures, the optical orientation 
opulations have been analyzed to discriminate the temperature- 
ependent contribution of all phases present in the crystal. In the 
niaxial rhombohedral phase, the 45 ° and 135 ° orientations of the 
ptical indicatrix are observed. In contrast, in biaxial monoclinic M 
hase, two cases have to be considered: i) the monoclinic phases 
f Cm can be distinguished from M C by the fact that in the Cm
hase, there are 45 ° but no 0 ° orientations, ii) according to [ 25 , 46 ],
n M C there are 0 °, but 45 ° orientations do not exist. Other ori- 
ntations in monoclinic phases may also occur, including those 
f micrometer size, depending on the composition and tempera- 
ure [25] . The local R and M symmetries were observed in Zr- 
ich PZT, whose directions depended on temperature [39] . The ap- 
lication of our experimental technique allowed to observe do- 4 ain orientations through the measurement of extinction angle, ϕ
37] . Fig. 2 shows the method of determining this angle for the 
rea inside one domain. Since our technique allows to measure 
he |sin δ|, its characteristic feature is that ϕ changes by 90 ° ev- 
ry time |sin δ| goes through zero, thus appearing to be alternately 
ssigned to the fast and to the slow axes [37] . Therefore, for ex- 
mple, for the rhombohedral phase, we can obtain two values of 
: 45 ° and 135 °. This angle is measured in reference to [100] c 
irection. 
As shown in Fig. 3 , in virgin PZT crystal the domains with 
= 45 ° and 135 ° exist up to the phase transition point. However, 
hese domains appear in both the R and Cm phases. A contribu- 
ion of domains derived only from the monoclinic Cm (M A and 
 B ) phase is visible as additional maxima for angles 55 ° and 32 °
n Fig. 3 , for 180 °C. This study could not distinguish which do- 
ains come from the M A and which from the M B structure. Ac- 
ording to the paper by Vanderbilt and Cohen [12] , the M A phase 
s more probable to appear, but in the report [16] , the appearance 
f M B phase is referred to as more likely. In the ceramics with 
imilar composition as in the studied crystal, both structures were 
bserved [39] . The presence of the Cm symmetry for the crystal 
f this composition is not surprising as it has already been found 
t room temperature in recent structural studies [26] . Neverthe- 
ess, the presence of 0 ° (very little) and 90 ° optical orientations, 
roving the existence of a monoclinic M C structure, may come as 
 surprise. Previously, the M C phase in PZT with a low concen- 
ration of Ti had not been reported. In optical studies, the exis- 
ence of a Pm (M ) phase is questionable because the only report C 
I. Lazar, A. Majchrowski, D. Kajewski et al. Acta Materialia 216 (2021) 117129 
Fig. 2. a) The figures show changes in the map of the extinction angle ϕ for two chosen temperatures. Symbols a c , b c and c c denote axes of the pseudo-cubic unit. The blue 
and orange colors, marked by a white rectangle, describe the R phase, and they can also come from the Cm phase. The size of domain changes with temperature, i.e., the 
selected orange domain is smaller than the blue one; however, the white rectangle always lays inside the same domain, to illustrate the experimental technique used. b) 
The calculated domain population assumes the same value. Some distribution of signals is connected with the sensitivity of the method used. The data are taken from the 


























































f a M C structure in the literature [38] is a paper on PDF (thus
n the atomic scale) of PZT near the MPB. That is why we can- 
ot definitively confirm the Pm (M C ) phase, based only on the op- 
ical studies. Another feature is the fit of Gaussian lines for M C 
rientations ( Fig. 3 ) which have a substantial full width at half 
aximum (FWHM). Statistically, this gives many optical orienta- 
ions with the low intensity that build the characteristic ‘back- 
round’ in the whole range of angles (a broad Gaussian line with 
n expected value of the extinction angle equal to 90 °, magenta 
ine in Fig. 3 ). It is also possible that several domains stay on
op of each other, affecting the average optical indicatrix section 
45] . It is important that for rhombohedral and tetragonal do- 
ains, the extinction angle value does not change (or changes 
nly by 90 °). With increasing temperature, the histograms become 
harper ( Fig. 3 ), indicating a decrease in possible optical orienta- 
ions and a growth in domains. Above 230 °C, the ‘background’ 
isappears, and at 240 °C, the PZT 87/13 crystal still features the 
 and Cm (M A and M B ) phase coexistence. There is a significant 
rowth of the Cm phase - except for the two peaks around 45 °, 
 high line for an angle of less than 135 ° (yellow line) appears. 
hese changes may cause the above- mentioned minor anomaly 
n the ε(T) run in Fig. 1 c. Above 240 °C, there is coexistence of R
nd Cm phase, which is observed up to 270 °C. The slight num- 
er of 0 ° and 180 ° optical orientations seen at 280 °C is connected 
ith the experimental sensitivity (optical resolution) of the setup 
sed. 
Because of the high number of possible extinction directions in 
he M phases (up to 24) [12] , a division of crystal volume into
mall territories of these phases in lower temperatures provides 
ore lines and wider ones as well. This broad distribution of op- 
ical orientations may also be due to the overlap of different do- 5 ains. Such a broad range of optical directions (’background’) was 
eported in [45] as coming from overlapping monoclinic domains 
f different thickness. 
.3. Optical observations of domain structures under d.c. electric field 
Figs. 4 and 5 represent changes of optical direction populations 
nder the influence of d.c. electric field for the same region as that 
arked by the white rectangle in Fig. 3 . These changes are caused 
y rotation of polarization vector in the electric field, accompanied 
y modification of the population of optical orientations. At 180 °C, 
 small population at 135 ° (the dark yellow line in Fig. 4 and red
ots in Fig. 5 ) shows a change in the polarization vector direction 
n the R and Cm phases under the electric field - the population 
t 45 ° (blue line in Fig. 4 ) increased. The absence of these lines at
00 °C and 210 °C ( Fig. 4 ) testifies to the disappearance of the R
hase, in place of which the monoclinic phases appear, with wide 
ange of ϕ angle value. The analysis of domain pattern in d.c. elec- 
ric field ( Fig. 4 and red dots in Fig. 5 ) shows that the contribution
f the small domains population and dense domain walls (red and 
agenta lines) has increased and is visible even at 280 °C. How- 
ver, at 240 o C, the ‘background’ decreases significantly, and the 
 phase lines (blue at 45 ° and dark yellow at 135 °) reappear. Un- 
er the electric field action, this selected area of the crystal is still 
ocally ferroelectric, even at 280 °C. 
Here, it is worth mentioning that local Pb displacement from Z- 
irection defines the polarization vector in the M phases ( Fig. 6 c). 
hus, one can state that in the PZT 87/13 crystal exposed to d.c. 
lectric field, the monoclinic phases coexist in the temperature 
ange of 180–280 °C. In the temperature range of 200–210 o C (the 
ighest values of d were recorded there), the change in symme- 33 
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Fig. 3. The upper figure with a white rectangle of 250 μm x 130 μm presents a region at 180 °C for which the distribution (histogram) of optical directions in the (001) c 
crystalline plate of virgin PZT 87/13 crystal has been calculated. It is the region for which the quasi-static piezoelectric signals were detected ( Fig. 1 e). Histograms for the 
selected eight temperatures show changes in the content of different phases. Insets represent maps of the ϕ angles of optical indicatrix. Continuous Gauss-type lines are fits 
showing possible extinction angles. The dotted perpendicular lines mark angles: ϕ = 45 ° and ϕ = 135 ° occurring in the rhombohedral, R, and monoclinic, Cm , phases. For 
example, at 180 °C, the angles of 32 ° (in green) and 55 ° (in cyanine) are also observed, which are characteristic only for the Cm (M A and M B ) phase; the broad and flat lines 
for 0 ° (in red) and 90 ° (in magenta) angles mainly form the characteristic ‘background’ mentioned above. With an increase in temperature, the distribution moves towards 
the coexistence of R and Cm phases. The origins of differences in populations for ϕ = 45 ° and 135 ° domains are the experimental features shown in Fig. 2 . The homogenous 
map in dark magenta at 280 °C corresponds to the paraelectric phase. Note the different scales of [%] axis. 
6 
I. Lazar, A. Majchrowski, D. Kajewski et al. Acta Materialia 216 (2021) 117129 
Fig. 4. Optical orientation populations at selected temperatures in the (001) c crystalline plate for PZT 87/13 single crystal under d.c. electric field of 7 kV cm 
-1 . Insets show 
the maps of optical indicatrix orientations. The angles 45 ° and 135 °, characteristic for the R and Cm phases, are shown by black dotted lines. Angles 0 ° (in red) and 90 ° (in 
magenta) come from the already mentioned ‘background’, and are visible better than in Fig. 3 (without the E field ). Note that at 200 °C and 210 °C, there are no lines for 

































ry from R to M under d.c. electric field causes changes in the op- 
ical orientation populations. In such complicated structures, the 
ovement of domains and domain walls has to be influenced by 
he action of electric field. This movement has to have a share in 
rystal strain and can be treated as an extrinsic contribution to the 
iezoelectric effect [47] . 
The piezoelectric properties presented in Fig. 1 e distinguish two 
emperature regions. The first one, below 195 °C, in which the d 33 
oefficient measured by two different methods has the same value. 
he second one, above 195 °C, in which the increase and irregular 
hanges of d 33 , measured with the quasi-static technique, are visi- 
le. Below 195 °C, in virgin crystal, R and M phases coexist ( Fig. 3
t 180 °C), while in the electric field, a much higher content of 
 phases occurs ( Fig. 4 and 5 ). The absence of the R phase in a
trong electric field (for 200 °C and 210 °C in Fig. 4 ) corresponds
o the temperature range of the highest value of piezoelectric co- 
fficient d 33 , measured in a strong E field by quasi-static method 7  Fig. 1 e). This is because strong electric fields can cause the po- 
arization vector rotation between different phases ( Fig. 6 c), which 
mplies the most significant change in the polarization value, and 
hus the highest piezoelectric response. Moreover, when the back- 
round is present and consists of small domains with dense do- 
ain walls, it enhances the values of the piezoelectric coefficients. 
It is also worth recognizing that close to 250 °C, the d 33 dis- 
ppears in the quasi-static method (red dots in Fig. 1 e). To ex- 
lain this effect, we studied the evolution of optical orientation 
opulations with temperature. The calculation of phase popula- 
ions in crystal with no E field action ( Fig. 6 a) shows that a sin-
le peak (around 45 °) at 230 °C, mainly corresponding to the R 
nd Cm phase populations, splits into two smaller peaks at 240 °C 
 Fig. 3 ), which mostly correspond to Cm phase populations. At the 
ame time, the populations for the angle smaller than 135 ° ( Fig. 3 )
ave increased significantly at 240 °C. Above 240 °C, the orienta- 
ions around angle value of 45 ° dominate again. However, under 
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Fig. 5. Comparison of optical orientation populations at selected temperatures in the (001) c crystalline plate for PZT 87/13 single crystal. With no E field (in black) and in 
d.c. electric field 7 kV cm -1 (in red). Note the different scales of [%]. The shift of local maxima of optical orientation populations under d.c. field testifies to the rotation of 



























he influence of an electric field, these optical orientation popula- 
ions characteristic for the R and Cm phases (around 45 ° and 135 °) 
re significantly reduced ( Fig. 6 b). Interestingly, the characteristic 
background’ drops much above 240 °C ( Fig. 4 ). Comparing Figs. 6 a
nd 6 b, it can be noted that the presence of electric field has in-
reased the monoclinic phase populations. Populations in Fig. 6 b 
ave decreased (note different scales on ordinate axes in Figs. 6 a 
nd 6 b) and - at the same time - the peaks become smaller and
roader because of the increase in the number of possible direc- 
ions of extinctions in M phases (up to 24). This wide optical ori- 
ntation distribution can also come from the overlapping of dif- 
erent domains. Consequently, such an arrangement of domains of 
everal phases may result in local disappearance of piezoelectricity 
n the crystal. 8 .4. High-temperature birefringence in PZT 87/13 crystal 
Birefringence studies have been performed to explain the un- 
xpected disappearance of piezoelectric activity at around 250 °C 
 Fig. 1 e). Although the whole studied crystal contains complex do- 
ain structures, finding an appropriate area of 25 μm x 35 μm 
nside a single domain was possible. Fig. 7 a shows the n(T) de- 
endence for three different states of the crystal (inset on Fig. 7 a 
hows an area for which the birefringence n has been calcu- 
ated). While a shift of the transition point T C to paraelectric phase 
owards higher temperatures under d.c. E field action is an ex- 
ected behavior, T C higher than in crystal after polarizing is not 
uch an obvious effect. It either indicates the existence of inter- 
al random fields that maintain a polarised state, or it means that 
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Fig. 6. Temperature evolution of optical orientation populations at selected temperatures in the (001) c crystalline plate of PZT 87/13 single crystal in the range of 230–260 °C: 
a) virgin crystal, and b) crystal under E field (note the different scales of [%] axis). c) directions of polarization vector in monoclinic phases: M A , M B , M C , and rhombohedral 
R phase. . 
Fig. 7. a) Change of birefringence, n , with temperature for the PZT 87/13 single crystal: virgin state (magenta), polarised crystal (blue), and crystal under the permanent 
action of d.c. electric field (orange). n values have been calculated for an area of 25 μm x 35 μm inside one domain, marked by the black rectangle in the inset. b) Optical 
orientation populations for the studied region in the crystal under the action of d.c. field. The angle value of 32 ° corresponds to monoclinic Cm phase. The black dotted line 
marks the 45 ° angle characteristic, among others, for the R phase. It has been found that the electric field of E = 7 kV cm -1 does not influence the calculation of n value 
because of induced piezoelectric deformation; for a crystal with the thickness of 300 μm, even the piezoelectric coefficient value of d 33 = 30 0 0 pm V - 1 changes the thickness 
by no more than 0.6 μm, and thus can be neglected. 
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Table 1 
The symmetries considered so far for ferroelectric PZT. 




0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
⎞ 




0 0 0 0 d 15 0 
0 0 0 d 15 0 0 
d 31 d 31 d 33 0 0 0 
⎞ 




0 0 0 0 d 15 2 d 22 
−d 22 d 22 0 d 15 0 0 
d 31 d 31 d 33 0 0 0 
⎞ 




0 0 0 0 d 15 0 
0 0 0 d 24 0 0 
d 31 d 32 d 33 0 0 0 
⎞ 
⎠ Amm2 < 011 > 
monoclinic (M C ) 
⎛ 
⎝ 
d 11 d 12 d 13 0 d 15 0 
0 0 0 d 24 0 d 26 
d 31 d 32 d 33 0 d 35 0 
⎞ 
⎠ Pm between directions (O) and (T) 
monoclinic (M A ) 
⎛ 
⎝ 
d 11 d 12 d 13 0 d 15 0 
0 0 0 d 24 0 d 26 
d 31 d 32 d 33 0 d 35 0 
⎞ 
⎠ Cm between directions (T) and (R) 
monoclinic (M B ) 
⎛ 
⎝ 
d 11 d 12 d 13 0 d 15 0 
0 0 0 d 24 0 d 26 
d 31 d 32 d 33 0 d 35 0 
⎞ 




d 11 d 12 d 13 d 14 d 15 d 16 
d 21 d 22 d 23 d 24 d 25 d 26 
d 31 d 32 d 33 d 34 d 35 d 36 
⎞ 









































































oling, as well as d.c. E action, changes the crystal local symmetry 
nd shifts the transition point temperature T C locally (see phase 
opulations at 280 °C in Figs. 4 and 5 ). 
Fig. 7 a shows the birefringence measurement n in relation to 
emperature for a virgin crystal, a polarised one, and a sample un- 
er the permanent action of the electric field. Virgin sample has 
he highest n values below 250 °C. Up to 200 °C, the birefrin- 
ence for the polarised crystal is the lowest. Around 200 °C, the 
n values become equal for polarised crystal and crystal under d.c. 
lectric field. Note that we have observed a significant increase in 
he d 33 value at around this temperature (red points in Fig. 1 e). In-
erestingly, at 250 °C, three n(T) dependencies in Fig. 7 a intersect 
t one point, where d 33 tends to zero in the case of quasi-static 
echnique applied ( Fig. 1 e). The n(T) curve obtained under d.c. E 
eld runs below (200 °C < T < 250 °C) and then above ( T > 250 °C)
he graphs obtained for the other two cases. The linear electro- 
ptical Pockels effect may explain that. The electric-field-induced 
irefringence is described by the relation n Poc = r kj E j , where the 
lectro-optical coefficients r kj , are, like piezoelectric coefficients, 
ifferent from zero in the crystal that lacks inversion symmetry 
both coefficients are third order tensors). The electro-optical coef- 
cient changes its sign from positive to negative at around 250 °C. 
t would mean that at this temperature, r kj assumes the value of 
ero, and the Pockels effect disappears. It looks as if the crystal 
ad a center of symmetry or it has symmetry in which the re- 
pective electro-optical r 33 and piezoelectric d 33 coefficients van- 
sh. Of all possible symmetries considered so far for the PZT (see 
able 1 below), piezoelectricity disappears only in the cubic phase. 
 possible scenario is that a strong electric field causes a change 
n the direction of the polarization vector, in such a way that the 
rystal observed in the direction of the pseudo-Z-axis is no longer 
iezoelectric. Table 1 shows that there are many shear piezoelec- 
ric coefficients which equal to zero, and the existence of a distinct 
background’ presented in Figs. 4 and 6 b – being an evidence of 
arge population of the monoclinic phases – would support this 
xplanation. 
This scenario may explain the disappearance of piezoelectric ac- 
ivity at 250 °C, presented in Fig. 1 e. A strong enough electric field10 ay induce many different orientations of polarization vector and 
ay make another piezoelectric coefficient active, e.g., the shear 
ode. It would mean that polarization vectors are oriented ran- 
omly for a particular electric field strength in such a way that 
he piezoelectric effect disappears. In our experiments, it happened 
t 250 °C. This temperature could be treated as an isotropization 
oint, i. e., the temperature at which a small crystal region appears 
o have centrosymmetric symmetry in sufficiently strong E field. 
The role of shear piezoelectric effect and the presence of com- 
lex phase structures seems to be responsible for the unexpected 
iezoelectric behavior shown in Fig. 1 e. In the theoretical work by 
ellaiche [48] it was proved that the application of E field along Z- 
irection to rhombohedral PZT causes the appearance of triclinic or 
onoclinic structures. The latter phases exhibit enormously high 
iezoelectric shear coefficients. Such a large piezoelectric response 
s driven by the electric field induced polarization vector rotation. 
heoretical calculations showed that high d 15 shear coefficient val- 
es and induction of monoclinic phase occur when E = 10 0 0 kV 
m -1 [48] . Guo et al. used E = 20 kV cm -1 [14] , while Zhang et al.
he E = 14kV cm -1 [47] and they have proved that in strong elec- 
ric fields it is possible to induce different phases in PZT, and thus 
ifferent possibilities exist of polarization rotation, and different 
iezoelectric coefficients emerge. We applied a lower electric field 
han in the cited works, but at a higher temperature, i.e. close to a 
ewly reported phase where the perovskite octahedra start rotat- 
ng in a disordered manner [30] . Such instability makes it easier to 
nduce different phases in the PZT. Therefore we could measure not 
nly the piezoelectric module d 33 , but others, such as shear piezo- 
lectric coefficients. In the triclinic phase, all piezoelectric modules 
re non-zero, and therefore in our case, the induction of the tri- 
linic phase can be ruled out [49] (then piezoelectricity would not 
isappear at 250 °C). 
The influence of shear piezoelectric coefficients would thus 
ave an essential role share in the drastic jump of piezoelectric re- 
ponse at 195 °C. For example, the shear moduli d 34 and d 36 are 
nactive in the rhombohedral and monoclinic phases, but are active 
hen the polarization vectors have a direction different than that 
long the Z-axis. The considered coefficients can be activated when 












































































































he field along the pseudo-cubic Z-axis is applied, just as in our 
xperiment. The existence of monoclinic phases and easy changes 
f polarization orientations in these symmetries, driven by elec- 
ric field ( Figs. 3-5 ), would make not only these d 34 and d 36 co-
fficients active. Hence, the irregular piezoelectric response above 
95 °C seems to be understood. 
If the number of domains is statistically large enough, the 
ystem is assigned macroscopically to pseudo-tetragonal symme- 
ry ( 4mm ) with only three independent piezoelectric coefficients 
 Table 1 ). It was shown that the piezoelectric properties of the 
omain-engineered single crystal increased with the decrease in 
he domain size [ 42 , 50 ]. A high density of domain walls with spac-
ng in the micrometer range can result in up to a fourfold enhance- 
ent of piezoelectricity in BaTiO 3 [42] . Moreover, it was found 
hat the [001] poled ( 3m ) crystals hold the highest level of stable
acroscopic polarization [51] , where there are four equivalent di- 
ections of the spontaneous polarization vector. The poling electric 
eld is applied along a nonpolar direction, and such a structure is 
acroscopically polar (has non-zero net polarization). The fibrous 
omain structure of domain-engineered PZN-PT crystal was com- 
osed of the domains that are 130 μm long and about 1 μm wide
52] . These fibrous domain structures contain numerous domain 
alls, which also contribute to piezoelectricity [44] . We assume 
hat this is one of the possible causes of the increased piezoelec- 
ricity observed in the Zr-rich PZT. Gorfman et al. [43] . showed that 
n the multi-domain PZT 65/35 crystal, domain wall motions make 
 slightly higher contribution to the total piezoelectricity than the 
hanges in lattice parameters. Simultaneously, it was found that 
his contribution related to changes in the lattice parameters in 
ndividual domains is almost twice as significant. Each domain is 
urrounded by other domains and remains under mechanical stress 
mposed by its neighbors. The domain deformation depends not 
nly on the piezoelectric coefficient of the material, but also on 
he deformation of neighboring domains. These interactions be- 
ween domains can be constructive as well destructive. These pro- 
esses are particularly important for crystals with phase coexis- 
ence, such as in the investigated PZT 87/13 crystal. The complex 
oexistence of the rhombohedral and monoclinic phases decides 
bout the magnitude of piezoelectric properties [ 24 , 39 ]. 
The domain wall charge and its influence on piezoelectric prop- 
rties should also be taken into account. The incomplete compen- 
ation of the associated polarization charge creates a depolariz- 
ng field in each domain, leading to enhancement of electrome- 
hanical response. For ferroelectrics with a few microns wide do- 
ains, depolarizing field of 10–20 kV cm -1 was determined [50] . 
his depolarizing field may be a key factor responsible for the ro- 
ation of polarization vector, especially in a complex structure with 
hase coexistence. It is widely accepted that the monoclinic dis- 
ortion is recognized as one of the most significant contributors to 
he high piezoelectric response, especially in a polarization rota- 
ion model. In BaTiO 3 the d 33 value was registered as maximum 
long non-polar axis only in a narrow temperature range, in the 
icinity of the tetragonal–orthorhombic phase transition temper- 
ture [53] . When a single crystal is poled along non-polar axis, 
t adopts a multi-domain structure. According to Damjanovic [50] , 
omain wall motions do not necessarily increase the piezoelectric 
esponse, but rather the presence of domain walls modifies the 
aterial and improves its properties. 
This paper has shown that a drastic increase in piezoelectric 
ctivity above 195 °C can be explained by the complex domain 
tructures and dense domain walls due to phase coexistence. All 
echanisms mentioned above can be considered to explain the 
ffects observed in PZT 87/13 crystal; in particular the presence 
f the monoclinic phases and the polarization vector rotation be- 
ween these phases under electric field action. The induced shear 
iezoelectric coefficients, complicated domain structures, and their 11 ynamics determine the appearance of drastic piezoelectric activ- 
ty at 195 °C. We want to point out that ’unusual temperatures’ 
ay exist in a crystal where phases with different symmetries co- 
xist. In the investigated crystal, it is the temperature of 250 °C, 
t which the disappearance of piezoelectric activity can be related 
o the state of randomly oriented and also overlapping domains of 
mall sizes. In this case, the crystal behaves locally like an isotropic 
edium. 
. Conclusions 
A strong piezoelectric response has been found in the recently 
iscovered phase in PZT 87/13 above 200 °C. The piezoelectric co- 
fficient d 33 can reach values exceeding 2500 pm V 
-1 . 
The coexistence of monoclinic and rhombohedral phases has 
een found by observation of optical orientation populations in 
 function of temperature. This complex phase coexistence makes 
olarization vector rotation much better manageable, making ex- 
rinsic contribution to the piezoelectric response. Another contri- 
ution to the extrinsic effect comes from the finely divided domain 
tructures that should appear due to an increase in the number 
f M domains (24 types possible) at the expense of R domains (6 
ypes possible). Such a fine structure also increases the movements 
f domain walls, which make yet another extrinsic contribution to 
he piezoelectric effect. 
Due to the complex phase coexistence, and thus domain struc- 
ures induced under the influence of a strong electric field, spon- 
aneous polarization vectors may easily rotate in different direc- 
ions. If spontaneous polarization directions in different overlap- 
ing small domains are random, then on the average, the crystal 
ehaves like an isotropic one, and locally the piezoelectric effect 
ay disappear, as has been observed in quasi-static measurements 
ear 250 °C. 
The high piezoelectric effect in PZT 87/13 single crystal under 
trong electric field action is connected with polarization direc- 
ion changes inside domains, motions of domain walls, electrical 
nd mechanical interactions of neighboring domains, and rotation 
f polarization vector. The contribution of all these factors deter- 
ines the high piezoelectric response in Zr-rich PZT crystals. In the 
nvestigated single PZT 87/13 crystal, it takes primary role around 
95 °C, i.e., in the vicinity of the recently discovered phase transi- 
ion temperature, where instability in the octahedral tilts subsys- 
em has been already postulated [ 30 , 31 ]. 
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